Enteroaggregative Escherichia coli (EAEC) is recognized as an emerging cause of diarrhea in children and adults worldwide, and recent studies have implicated EAEC in persistent diarrhea in patients infected with human immunodeficiency virus (HIV). In this study, we identified aggregative adhesion fimbria type III (AAF-III) in isolate 55989, a typical EAEC strain. Analysis of the sequence of the plasmid-borne agg-3 gene cluster encoding AAF-III showed this cluster to be closely related to the agg and aaf operons and to the afa operons carried by diffusely adherent pathogenic E. coli. We investigated the adhesion properties of a collection of 25 EAEC strains isolated from HIV-infected patients presenting with persistent diarrhea. We found that a minority of strains (36%) carried sequences similar to those of the agg and aaf operons, which encode AAF-I and AAF-II, respectively. We developed PCR assays specific for the agg-3 operon. In our collection, the frequency of AAF-III strains was similar (12%) to that of AAF-I strains (16%) but higher than that of AAF-II isolates (0%). Differences between EAEC strains in terms of the virulence factors present render detection of these strains difficult with the available DNA probes. Based on comparison of the agg, aaf, and agg-3 operons, we defined an AAF probe internal to the adhesion gene clusters and demonstrated that it was efficient for the identification of EAEC strains. We investigated 32 EAEC isolates, of which only 34.4% were detected with the classical CVD432 probe (detecting pAA virulence plasmids) whereas 65.6% were detected with the AAF probe.
Escherichia coli is the predominant facultative anaerobe of the human colonic flora, and most strains are harmless. However, certain E. coli strains cause intestinal and extraintestinal diseases in humans. Diarrheagenic E. coli strains generally adhere to mucosal epithelia early in the colonization of host tissues. This pathogenic property is associated with the production of adhesins, which are specific to the particular disease. Enteroaggregative E. coli (EAEC) strains constitute an emerging pathotype responsible for enteric illness. Epidemiological studies have now implicated EAEC strains in acute and persistent diarrhea in children, in food-borne diarrhea outbreaks, and in traveler's diarrhea (36) . Several recent studies have reported an association between EAEC strains and persistent diarrhea in patients infected with the human immunodeficiency virus (HIV) in developing and industrialized countries (19, 21, 28, 32, 44) . Eradication of EAEC from the stools of HIV-infected patients with persistent diarrhea by antibiotic treatment, leading to the resolution or improvement of intestinal symptoms, has been reported (17, 19, 43) .
EAEC displays a characteristic aggregative adhesion (AA) pattern on the surfaces of HEp-2 or HeLa cells, with the bacteria adhering to each other to form a "stacked brick wall"-like structure on epithelial cells and glass coverslips. Two types of fimbriae, AA fimbriae types I and II (AAF-I and AAF-II), have been shown to be required for expression of an AA pattern. Analysis of the distribution of the genes encoding these fimbriae among EAEC strains revealed that only a minority of isolates produced these two types of fimbriae (12, 38, 41) . Thus, EAEC strains must also produce other adhesive structures. In addition to adhesins, a variety of other virulence factors have been described, including the heat-stable enterotoxin (EAST1), the plasmid-encoded toxin (Pet), and a protein involved in intestinal colonization (Pic) (36) . However, none of these factors are present in all EAEC isolates. Consequently, the molecular probes developed by genetic characterization of plasmid-and chromosome-borne virulence genes cannot be used in routine clinical laboratory testing for identification of EAEC. Identification remains dependent on production of the adhesins that generate the AA pattern.
EAEC strains are heterogeneous both with respect to symptoms developed by infected hosts and with respect to virulence genes. The aim of this study was to explore this diversity and to increase our understanding of the genetic basis of virulence factors in EAEC by identifying new adhesins. This study was made possible by characterization of a collection of E. coli isolates recovered from the stools of HIV-infected patients suffering from persistent diarrhea. We carried out molecular typing for a collection of 25 EAEC isolates, using probes and PCR assays for detection of adhesion-associated genes in order to evaluate their distribution. In addition, because EAEC identification depends on production of the adhesins that generate the AA pattern, we decided to develop an EAEC-sensitive probe by comparing the two AAF-encoding operons previously described and the new operon identified in our study, in order to identify common features.
(This work was presented in part at the 100th and 101st Meetings of the American Society for Microbiology, Los An-DNA sequencing and sequence analysis. We sequenced double-stranded DNA using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Applied Biosystems, Foster City, Calif.). Sequence data were analyzed with ABI version 3.0.1b3 software. Sequences were screened for similarity to previously published sequences by using the BLASTN and BLASTX computer programs at the National Center for Biotechnology Information. Multiple sequence alignments were generated with the CLUSTAL W program.
Allelic replacement. We carried out allelic exchange for the agg-3A gene, using pILL1268 as previously described (8) . The strategy involved the use of recombination to replace a 419-bp agg-3A internal segment (bp 47 to 472) with a PCR product containing the nonpolar kanamycin resistance cassette and 80-nucleotide [nt] homology arms. We used the following primers for PCR: Agg3A/5ЈKm (5Ј-GAATACAATATTTAGGAGATTTTTCATATGAAAAAGATAAGTAT CATTGCGAGTCTGGTATTCAGCTTGTACAGTGGGTTCTAACTAGGA GGAATAAATG-3Ј) and Agg3A/3ЈKm (5Ј-CATCCACTTATGCGATCAAAA AGCGCTAAGTGGGGCTTAGCGCACTGTTTTTATTTATGGTAAAACC ATAACACCATGGGTTCCCTCCAGGTACTAAAAC-3Ј).
Electron microscopy. For observation of cellular appendages, bacteria were negatively stained with 1% ammonium molybdate in water as previously described (25) . Staining of some samples was enhanced by rotary platinum shadowing. Transmission electron microscopy of infected HeLa cells was carried out as previously described (20) .
Adhesion and invasion assays. Human HeLa (ECACC 84121901) and Caco-2 cells were maintained as previously described (20, 39) . Intestine-407 (Int407) cells were maintained in Dulbecco's modified Eagle medium (GIBCO) supplemented with 1% glutamine and 10% fetal calf serum. They were cultured at 37°C in 5% CO 2 -95% air. Adhesion and invasion assays were performed as previously described (20) .
Nucleotide sequence accession number. The GenBank accession number for the 12,012-bp region of pILL1268 reported in this paper is AF411067.
RESULTS

Identification of a new variant AAF.
To identify AA factors (other than AAF-I and AAF-II) involved in the interaction of EAEC strains with epithelial cells, we constructed a cosmid library from isolate 55989. This isolate is a typical EAEC strain, containing both chromosomal and plasmid-borne genes associated with EAEC virulence, but it does not contain genes encoding AAF-I or AAF-II (Table 3) . This strain displays a typical AA (AAt) pattern, with bacterial aggregates adhering to both cells and glass coverslips (Fig. 1A) , and it forms aggregates in static broth cultures. A role for autoagglutination via lipopolysaccharide (26) in such phenomena has been ruled out because no macroscopically visible aggregates are observed if bacteria grown on agar plates are suspended in 2% NaCl and shaken on a glass slide at room temperature. Bacteriophage lambda particles carrying recombinant cosmid molecules containing fragments of 55989 DNA were prepared and used to infect E. coli HB101. We screened 1,460 recombinant HB101 strains for the autoagglutination properties of the parental 55989 strain and identified 23 clones that formed aggregates in static broth cultures. The recombinant cosmid clone HB101(pILL1268) was selected for further study. HB101(pILL1268) displayed a pattern of adhesion to HeLa cells similar to that of strain 55989 (Fig. 1B) . The pILL1268 cosmid carried an insert of about 45 kb. Detection of sequences specific to pAA virulence plasmids in this clone indicated that the pILL1268 insert corresponded to plasmid sequences. PCR experiments revealed that, like the parental strain 55989, HB101(pILL1268) carried aggR, aspU, and astA sequences, which were mapped to the cosmid insert by Southern hybridization (Fig. 2) . Electron microscopy of the parental strain 55989 grown in static broth showed that the bacterial surface was surrounded by long, flexible fimbrial structures. These fimbriae seemed to be involved in autoagglutination, facilitating contact between bacteria for aggregate formation ( Fig. 3A and B) . Although no surface appendages were detected for strain AAEC185 under the same conditions (data not shown), long fimbriae (diameter, 3 to 5 nm) similar to those of the parental strain were observed on the surface of AAEC185 transformed with pILL1268 (Fig. 3C) . Unlike AAF-I and AAF-II, which formed bundles (10, 34) , the novel fimbrial structure encoded by pILL1268, designated AAF-III, was most commonly observed as individual filaments.
Internalization of bacteria producing AAF-III. We investigated the invasion properties of strains producing AAF-III by comparing those of the wild-type strain 55989 and the recombinant strain AAEC185(pILL1279) with those of the EPEC strain E2348/69, used as a positive control, and strain AAEC185, used as a negative control. The results of invasion assays suggested a low level of internalization for AAF-IIIproducing strains (Table 4) . Transmission electron microscopy of HeLa cells infected with strain 55989 or HB101(pILL1268) confirmed these data. For both strains, bacteria were observed within the cells. Internalized bacteria were present within membrane-bound vacuoles, frequently with 2 bacteria per vacuole for isolate 55989 (Fig. 4) .
Sequence analysis of agg-3 and associated loci. We characterized the AAF-III-encoding genes by partial sequence determination of pILL1268, initiated from the aggR region (Fig.  2B ). We sequenced a 12,012-bp region. Within this sequence, we identified regions displaying similarity to previously described AAF-encoding gene clusters (the agg and aaf operons, encoding AAF-I and AAF-II, respectively). One such region was the agg-3 gene cluster (region 1), which comprises four open reading frames (ORFs), transcribed in the same orientation, mapping to the same loci as the aggD, aggC, aggB, and aggA genes in the agg operon. We investigated whether agg-3 genes conferred adhesion properties by PCR amplification of a 4.7-kb agg-3-containing region of pILL1268. The amplicon was ligated into pBR322. The resulting plasmid, pILL1279, conferred on the host strains (MC1061 and AAEC185) the ability to produce fimbriae involved in bacterial aggregation and to bind HeLa cells. For three of the ORFs, agg-3D, agg-3C, and agg-3B, a BLASTX search predicted amino acid sequence similarities between the products of AAF-encoding operons and those of afa operons. The Agg-3D product displays significant sequence similarity to putative periplasmic chaperone proteins such as AggD, AafD, and AfaB (63 to 67% identity and 77 to 82% similarity), and the Agg-3C product is similar to the AggC, AafC, and AfaC putative usher proteins (65 to 67% identity and 79% similarity). Significant similarities were found between the Agg-3B protein and members of the invasin family, for which AfaD-III (from the afa-3 operon) is the prototype (16) . Agg-3B is 58, 59, and 54% identical to AggB, AafB, and AfaD-III, respectively. The sequence similarities extend over the full length of the proteins, and Agg-3B contains the highly conserved 8-amino-acid (aa) region (ATGRXXCR) described for all proteins of the family (14) . The agg-3A gene was located 174 bp downstream of agg-3B. A potential ribosome-binding site precedes the start codon, and a putative signal sequence was identified in the 165-aa polypeptide, which displays no significant sequence similarity to any protein sequence in the database. However, alignments of the Agg-3A, AggA, and AafA sequences highlighted the conservation of residues described as typical of the family of adhesins encoded by afarelated operons (10), including 2 cysteine residues separated by 31 to 33 aa in the N-terminal moiety of the mature product and a glycine near the C terminus (Fig. 5 ). Agg-3A was demonstrated to function as an adhesin by replacing part of agg-3A by a nonpolar kanamycin cassette in pILL1268. The resulting plasmid, pILL1282, did not confer on the host strain aggregate formation in static broth culture, fimbria production, or adhesion to HeLa cells (Table 1) .
A 2,121-bp region of the pILL1268 insert (region 2) located 5 kb downstream of the stop codon of the aggA gene was found to be very similar (99%) to region 2, which is involved in the production of AAF-I. Sequence alignment showed that this region contained a gene 100% identical to the previously published aggR gene, which encodes a transcriptional activator (37) .
A third interesting region (region 3) follows the agg-3 gene cluster (Fig. 2B) . This region contains an ORF very similar to the astA gene, encoding the EAST1 toxin, from the enterotoxigenic E. coli (ETEC) strain 27D (31) . A single base difference between the two nucleotide sequences, in codon 4, does not result in an amino acid substitution, and the products encoded by the two genes are 100% identical. This region is also very similar in sequence to IS1414 (1,106 bp identical over 1,111 bp), an insertion element identified in ETEC strain 27D. As in strain 27D, the EAST1-encoding gene is present within the insertion element. The IS1414-like element of strain 55989 is and the target site is not duplicated. Instead, sequences similar to parts of IS91 and IS2, respectively, were found on either side. The 3,606-bp nucleotide sequence between regions 2 and 3 showed no significant similarity to sequences in the database, except for a region from nt 8889 to nt 9292, which displayed 97% identity (398 nt identical over 409 nt) to part of insertion sequence IS629 from Shigella flexneri (30) .
Distribution of AAF-encoding operons in EAEC strains isolated from HIV patients. We investigated 25 diarrhea-associated isolates, including isolate 55989, initially identified as EAEC strains on the basis of their AA patterns in HeLa cell adhesion assays in Bangui and Dakar. We first checked the adhesion properties of these strains on HeLa cells after storage. Various AA phenotypes were observed (Table 3) . Twelve strains exhibited a typical AA pattern (AAt). Ten isolates showed a low-level AA pattern (AAll). Finally, three strains showed a mixed adhesion pattern (AA/DA) corresponding to AAt or diffuse adhesion (DA) depending on the HeLa cell examined. We also performed adhesion assays with human intestinal cell lines, such as undifferentiated Caco-2 cells and Int407 cells. For all isolates, the adhesion pattern was similar for intestinal and HeLa cells. We characterized these strains in more detail, using PCR and probes to detect genes for adhesion factors from the three pathotypes of diarrhea-associated enteroadherent E. coli (EAEC, DAEC, and EPEC) (Tables 2  and 3) . None of the isolates tested positive for the genes involved in the localized adherence pattern of EPEC strains. The aggA gene, which encodes the AAF-I fimbrial subunit, was detected by both PCR and hybridization. Only four pAApositive strains also tested positive for aggA. Two of these four isolates tested positive by both approaches and also tested positive for aggR; these two strains were classified as typical AAF-I strains. Two other isolates testing positive only for aggA, by hybridization, were described as carrying agg-related sequences.
No isolate hybridized with the aafA probe, corresponding to the AAF-II fimbrial subunit. However, five strains (two AAt, two AAll, and one AA/DA strain) hybridized with a probe corresponding to a larger region (aafDA) of the aaf operon, suggesting that they carried aaf-related sequences. Interestingly, four of these strains were negative for pAA and aggR. One of the three AA/DA isolates contained both an afa operon and an aaf-related operon.
We used PCR assays to evaluate the frequency of the agg-3 operon. Two sets of agg-3-specific primers were designed from the nucleotide sequences of the agg-3C and agg-3A genes for detection of the corresponding sequences ( Table 2 ). The specificity of the oligonucleotide pairs was evaluated by testing representative strains. Amplicons were obtained from strain 55989, from which the agg-3 genes were cloned, and HB101 (pILL1268). No amplification was observed with strain JM221, 042, or A30, carrying genes encoding the AAF-I, AAF-II, and AFA-III adhesins, respectively, or with the E. coli K-12 strain HB101, used as a negative control. Only 3 of the 25 EAEC strains in our collection tested positive by PCR for both agg-3C and agg-3A: isolates 55989, 885254, and 387A. All these strains were isolated from AIDS patients in the Central African Republic, and all carried the same genetic markers (CVD432, aggR, aspU, astA, shf, pic, and irp2). In our collection, the frequency of AAF-III strains (12%) was similar to that of AAF-I strains (16%) and of strains carrying aaf-related sequences (20%) ( Table 3) .
Development of a probe to detect AAF-encoding operons.
Characterization of the EAEC collection highlighted the variability between isolates. However, identification of the agg-3 operon demonstrated conservation of the AAF-encoding gene clusters involved in the adhesion phenotype. Moreover, the results of the adhesion and hybridization experiments presented in this study ( Table 3 ) clearly indicated that, in addition to the agg, aaf, and agg-3 operons, other, as yet unidentified gene clusters must be associated with the expression of an AA pattern. Based on alignment of the three available sequences of AAF-encoding operons, we showed that the usher-encoding region (aggC, aafC, or agg-3C) was the best conserved region in these operons. We selected a 485-bp fragment of the agg-3C gene from strain 55989 as a potential probe for AAF-encoding genes ( Fig. 2B ; also see Table 2 for sequences of the oligonucleotides used as primers). The recombinant plasmid pILL1277 was produced by inserting the AAF probe sequence into pUC18. The specificity of the AAF probe (485-bp amplicon) was evaluated by testing representative strains by colony hybridization at 65°C ( This study and previous reports provide evidence for a high level of similarity between the AAF-encoding operons and the afa operons carried by DAEC strains (13, 14) . Not surprisingly, clinical and recombinant strains carrying an afa operon also hybridized with the AAF probe. We obtained positive results with strains A30, AL845 (25) , and HB101(pILL1151), carrying the afa-3 operon; strain AL851, carrying the afa-5 operon (25); and strain C1845, carrying the daa operon (which belongs to the afa family of operons) (3, 15) . In contrast, seven DAEC strains that did not carry afa operons tested negative with the AAF probe. We evaluated the sensitivity of the probe by testing the 32 EAEC strains (25 diarrheagenic and 7 nondiarrheagenic isolates) of the collection. Once again, the results of hybridizations at 65 and 60°C were similar. However, the results were easier to interpret if hybridization was carried out at 60°C. All strains testing positive with the CVD432 probe also tested positive with the AAF probe (11 strains). However, 10 other strains also hybridized with the AAF probe, giving a total of 21 AAF probe-positive strains (65.6%). Only 20% of the AAt and 57% of the AAll strains were not identified with the AAF probe, which compares favorably with the 40 and 85.7%, respectively, not identified with the classical CVD432 probe.
DISCUSSION
EAEC strains may be considered to be a heterogeneous set of strains with factors in common, resulting in a common AA phenotype on HEp-2 and HeLa cells (35) . Some EAEC isolates have been recognized as pathogenic strains associated with various intestinal diseases. However, the genetic bases of EAEC pathogenesis have not yet been fully elucidated, and EAEC strains may be pathogenic or nonpathogenic. Great progress toward the identification of pathogenic EAEC strains could be achieved by characterizing new adhesion factors and developing genetic tools for detection of EAEC clones in stools. We identified the AAF-III adhesion factor in isolate 55989. The genetic system encoding this factor also encodes a fimbrial adhesin involved in the aggregation of bacteria and the adhesion of bacteria to cells. The genetic organization of the gene cluster, designated agg-3, is very similar to those of the agg and aaf operons from EAEC isolates. A gene encoding a product identical to AggR, a positive transcriptional regulator of both the agg and aaf gene clusters, was detected downstream of agg-3, but there is no evidence that it is involved in AAF-III production. Analysis of the sequence of agg-3 also confirmed that the operons encoding AA factors were similar to afa operons. The Agg-3B product is similar to AggB and AfaD, both of which are invasins. Thus, as suggested for AafB, to which it is also similar, Agg-3B is probably an invasin (14) .
HeLa cells may take up agg-3-expressing wild-type and recombinant strains. It is unknown whether invasion is specifically promoted by Agg-3B in AAF-III-producing bacteria. Like DA afa-expressing isolates, agg-3-expressing EAEC strains invade HeLa cells at low frequency. The ability of EAEC strains to invade epithelial cells may reflect an evolutionary strategy designed to establish bacterial reservoirs and persistence within the host. This notion is strongly supported by the isolation of these strains from patients presenting with persistent enteric infections. The present lack of clinical evidence of invasiveness may be accounted for by a low efficiency of internalization into epithelial cells both in vivo and in vitro.
Like the agg and aaf operons, agg-3 is plasmid borne and is genetically linked to the astA gene, which encodes the EAST1 toxin. The region carrying agg-3 displays a genetic organization similar to that reported for the agg and aaf regions: the adhesion-encoding operon is followed by the toxin gene, which in turn is followed by the regulator gene. These genes are also tightly linked to sequences reminiscent of the sequences of various insertion elements. Thus, multiple recombination events have been involved in the genetic linkage of adhesionand toxin-encoding gene blocks on pAA plasmids, suggesting that such topological associations of virulence genes could play a role in determining the pathogenic potential of an isolate. EAEC strains isolated from AIDS patients have never before been characterized. We investigated 25 EAEC strains isolated from HIV-infected patients presenting with persistent diarrhea. We characterized these strains phenotypically and genotypically on the basis of their adhesion properties. These strains were originally isolated in Bangui and Dakar, and were selected based on their AA patterns on cells. However, the adhesion phenotypes of these strains differed in some cases in our hands, suggesting that genotypic identification should greatly facilitate epidemiological studies, overcoming variation due to individual interpretation, laboratory growth conditions, and storage conditions. We studied the prevalences of the three AAF-encoding operons in these strains. To detect AAF-I-and AAF-II-encoding genes, we used internal segments of the aggA and aafA fimbrial subunit genes, which display no significant sequence similarity to each other, as probes, to avoid problems with cross-reactivity. The results obtained with the AAF-II probe were surprising. Although no positive hybridization signals were obtained with the aafA probe, five isolates (20%) hybridized with the aafDA probe, which carries the sequences of both the chaperone and fimbrial subunit genes. These data indicate a high level of heterogeneity for the aafA gene of the aaf operon, which has not previously been reported. Use of the aafDA probe has been suggested as a possible means of detecting AAF-II as a relevant marker of pathogenic EAEC (38) . It would be useful to type the fimbrial subunits encoded by the various operons detected with this probe, as a means of identifying the subunits associated with pathogenicity. In previous studies, detection of aaf operons was reported to be strongly associated with detection of both the regulator-encoding aggR gene and the pAA plas- Ϫ ϩ a All of these strains were positive with the AAF probe. b One of the two strains negative with the CVD432 probe carries sequences related to that of the aaf gene cluster (it was positive with the aafDA probe and negative with the aafA probe).
c Two strains were positive for AFA; one strain was positive for AAF-III. d The two strains negative with the CVD432 probe carry sequences related to that of the aaf gene cluster (they were positive with the aafDA probe and negative with the aafA probe). With the aid of these tests, we identified three AAF-IIIproducing strains among the diarrheagenic isolates from HIVinfected patients tested. Three isolates had a set of plasmidand chromosome-borne virulence genes in common. According to our results, the frequencies of AAF-I, AAF-II-related, and AAF-III strains seem to be similar. Further studies should be performed to address the prevalence and potential clonality of AAF-III strains. Interestingly, we recently identified an AAF-III-positive isolate from the diarrheagenic stools of a child in New Caledonia, indicating that AAF-III production is not restricted to strains from HIV-infected patients. Although none of the 25 strains carried both AAF-I-and AAF-III-encoding sequences, one AAF-III-producing isolate also tested positive for aaf-related operon sequences, confirming that two AA factor-encoding gene clusters may be present in a single EAEC strain. Only 11 of the 25 EAEC isolates (44%) studied gave a positive result with at least one of the three AAF adhesion system probes, and the basis of AA remains unknown for 14 strains. The prevalence (36%) of strains testing positive with the CVD432 probe was very low, which is consistent with several previously published results (36) . On the basis of our results, we were unable to differentiate strains isolated from HIV-infected patients from isolates of other origins. Characterization of the collection of EAEC isolates studied provided evidence for variability between strains and demonstrated the existence of a new variant fimbria, AAF-III. Several other studies have also suggested that some EAEC strains carry virulence plasmids that do not hybridize with the CVD432 probe (11) . However, sequence analysis of the agg-3 gene cluster showed a high degree of conservation between the various operons involved in the adhesion phenotype. We therefore decided to design a new EAEC probe for sequences directly involved in expression of the AA pattern. We report here that an internal fragment of the agg-3C gene functions efficiently as a probe for the identification of strains carrying AAF-encoding operons. This probe is sensitive for a family of operons widespread among enteroadherent E. coli. Indeed, in addition to AAF-encoding operons, this probe detects the afa operons carried by DAEC and uncharacterized operons involved in various adhesion phenotypes, such as AA/DA or AAll, described in this study. Use of this probe could make it possible to identify genetically a large proportion of enteroadherent pathogenic E. coli for which it is not always easy to determine an adhesion pattern.
EAEC strains are an emerging cause of diarrheal infections worldwide. The epidemiological significance of the virulence markers identified to date should be evaluated by testing large collections of EAEC isolated from diarrheagenic patients and healthy controls. One limitation to such studies is the lack of probes for detection of all adhesion factors. The probe described here should facilitate progress in this direction.
